A new time-domain reflectometry measurement method is described that provides accurate measurements of the average high-frequency (O.lGHz -lOG Hz) dielectric constant of printed wiring board materials and is suitable for -factory floor-use. A parallelplate transmission line is used for the sample geometry. Only simple numerical processes are required to extract the characteristic impedance and dielectric constant of the sample from the acquired data. The long-term measurement reproducibility and short-term measurement repeatability of the method are described.
Introduction
A time-domain reflectometry (TDR) measurement method has been recently reported for measuring the average highfrequency (O.IGHz -10GHz) relative dielectric constant (real part of the relative complex pennittivity), E'r' of printed wiring board (PWB) materials (Paulter, 1996; 1998) . PWBs are used as substrates on which integrated circuits and discrete electronic devices are mounted and electrically connected. These electrical connections, or interconnects, may behave as transmission lines (TLs) in high-speedlhigh-frequency applications thus making the electromagnetic wave propagation properties of the interconnect important. The electrical properties of the PWB TLs are dependent on a variety of variables that include dielectric and conductor properties and the physical dimensions of the TLs. This work focuses on a measurement method for detennining E 'r and, in particular, on a method for obtaining the average high-frequency (0.1 GHz -IOGHz) value of E 'r' An average value is sought because a scalar is typically all that is used for PWB circuit design and E'r is fairly constant for most PWB dielectrics over this frequency range.
Although a variety of frequency-domain (for example, Lightart, 1983; Kent, 1991; Stuchly et al., 1994; Baker-Jarvis et al., 1993) and time-domain (for example, Fellner-Feldegg, 1969; Nicolson and Ross, 1970; Cole, 1975; Boned and Peyrelasse, 1982) methods have been developed for detennining E'r' this method addresses measurement requirements unique to the PWB industry, namely: that the measurement system be an inexpensive, easy to use, robust "factory floor" system, and allow for quick and easy sample preparation. The measurement method described here addresses the unique PWB requirements by affording simple sample fabrication (no chemical or photolithographic process) and fast data acquisition and parameter extraction (under three minutes to acquire the sample and reference data), and because it is inexpensive and easy to use (TOR-capable oscilloscope), accurate (agreement with frequency-domain methods is better than I per cent), and Rgure 1
robust (insensitive to position of sample in sample holder). These attributes make the method suitable for both the laboratory and factory floor environments. This work also addresses anecdotal claims of an apparent discrepancy between the results obtained using time-domain and frequency-domain methods. For materials that are dielectrically anisotropic, such as most PWB materials, the dielectric sample must be aligned properly with respect to the applied electric field to measure the E'r that is experienced by a wave propagating along a PWB TL. The sample geometries used here ensure the proper orientation.
Experimental

2.a. Measurement system
The measurement system uses an equivalent-time, nominally 50n input impedance, TOR-capable, sampling oscilloscope and a computer controller to obtain the reflection coefficient data from which E r is extracted (to be discussed later). In the TOR mode, the oscilloscope delivers a rectangular voltage pulse to the sample and then records the pulse that is reflected from the sample. The reflected pulse is a consequence of the impedance discontinuity between the oscilloscope and the sample and, therefore, provides a measurement of the sample's impedance from which Er is extracted. The TOR signal that is observed is represented by the trace shown in Figure I . The duration of the steps in Figure 1 corresponds to the round-trip propagation time of the TL. The amplitude of the steps reflects the impedance discontinuities between the TL and the oscilloscope and between the TL and its termination. For this work, the termination is an open circuit and only the first reflected step is used.
2.b. Sample
The sample is a parallel-plate transmission line (PPTL) structure (see Figure 2 ). Sample preparation for the PPTL is extremely simple. A TL of length, L, having a uniform width, W, is removed (by a shear or router) from a sheet of sample is prepared so that the long edges of the PPTL are as parallel as possible. Deviations from being parallel increase the measurement uncertainty. The edges are deburred to ensure that the electric field is uniform along the length of the samples. To facilitate handling. sample widths of approximately 1.25cm were used. The lengths of the samples were long enough so that line lengths did not affect the measured signal (Paulter, 1996) .
2.c. Sampleholder
The measurement results presented here were taken using three different sample holder designs, SH 1, SH2, and SH3. SH2 and SH3 are shown in Figure 3 ; SH3 incorporates a ground contact with knife edges. SH 1 is described in Paulter (1996) 
2.d. Extraction of e 'r
The e' r of the sample is extracted from the PPTL impedance, Zr. The Zr is obtained from the TL reflection coefficient, P,
where Zo is the input impedance of the oscilloscope. Solving for Zr gives:
The e 'r is then obtained using (Paulter, 1996) :
where t,. is the total sample thickness and tm is the metal thickness.
During measurements using a reference short circuit, it was noticed that the short-circuit reflection coefficient, Psc' was not equal to -1 and that a reflection coefficient offset error, Poff' was present. Accordingly, reflection coefficients obtained were corrected for these two errors (Paulter, 1996) :
here Pobs is the observed sample reflection coefficient. The e r found with this technique is the average over the frequency range of the measurement. The lower limit of this range is dependent on the duration of the displayed TDR signal. For example, an observation time of IOns corresponds to a lower limit of 1I1Ons or lOOMHz. The upper limit is based on the approximation
is the observed 90 percent to 10 percent transition caused by the impedance discontinuity between the PPTL and the TDR, and f is frequency. So, for a IOns window and tCal1=35 ps, the bandwidth is O.IGHz -IOGHz: this is what is
Results
3.a Comparison to frequency domain measurements
Various PPTL samples were prepared and measured using SH I. The results are shown in Table I . The values in curly brackets in the far right column are values obtained from frequency-domain measurement methods performed by either the manufacturer or the National Institute of Standards and Technology's (NIST's) Radio Frequency Technology Division in Boulder, CO. Measurement uncertainties will be discussed later. Samples S8 through S 11 show a continuous increase in the extracted e 'r with increasing number of plies. This increase may be due to an unexpected. thickness dependence of the measurement process or to the construction of the PWB itself 1996) . Consequently, it may be difficult to ascertain if the apparent ply-dependent e I r for S8 to S II in Table I are real, or a measurement artifact.
(2)
3.b. Measurement errors and calculated measurement uncertainty Thecalculatedmeasurement uncertainties, u.r, for the samples of Table I are shown in the far right column of - Table II . Note: these uncertainties are the result of an uncertainty analysis (Paulter, 1996) , and do not represent measurement repeatability or reproducibility, which will be discussed later. The variables included in the uncertainty analysis were: P, Psc' Poff' t,., tm, W, and ZOoThe uncertainty contributions of these variables to uT are displayed in Table  II . The measurement uncertainties presented in Table II represent three standard deviations (30). The largest contributors to uT are uncertainties in tm and in Pobs' For the data presented in Table II , the values used for Zo' Psc' and Poff and their associated 30 uncertainties were: Zo =50 a:t 0.5 a, Psc =-O.994:t 3.36 x 10-3, and Poff= 2.2094 x 1O-2:t 1.37 x 10-3. The 30 uncertainties for W and t,. were 2.45e-6m (0.000 1in) and for tm was 10 per cent of tm.
The uncertainty in Pobs includes measurement noise and variations in the physical dimensions of the PPTL, that is, of W(x), t,.(x), and tm(x), where x is position along the PPTL. Since samples S7 through S 17 were prepared using a shear, any imperfections in the shear blade could have significant effects on W(x) and consequently on Pobs' This may explain the larger uT for S7, which was very narrow (about 800J1m wide).
Notes:
I Measured valuesobtained by NIST. Boulder. CO; measured at 16GHz; bManufacturer specification. measured at 100Hz; C Manufacturer specification, measured at 1MHz S9 (4 ply) -5.626e-1:!: 5.79e-3 3.2182e-4 3.43e-5 :!:3.43e-6 S10 (8 ply) -5.654e-1:!: 9.51e-3 5.9055e-4 3.43e-5 :!:3.43e-6 S11 (16 ply)
-5.678e-1:!: 1.25e-2 1.0950e-3 3.43e-5 :!:3.43e-6 S12 -5.705e-1:!: 9.03e-3 1.5305e-3 1. 72e-5 :!:1. 72e-6 S13 -5.676e-1:!: 5.01e-3 1.4831e-3 1. 72e-5 :!:1. 72e-6 S14 -5.907e-1 :!:8.55e-3 1.5127e-3 6.86e-5 :!:6.86e-6 S15 -5.833e-1:!: 1.12e-2 1. 3404e-3 3.43e-5 :!:3.43e-6 S16 -5.595e-1:!: 1.12e-2 1.3802e-3 3.43e-5 :!:3.43e-6 S17 -6.04ge-1:!: Errors in the measurement of Pobsmay be also caused by:
1 lack of repeatability of sample insertion; and 2 the position of the sample holder center pin with respect to sample center (Paulter, 1996) .
The repeatability issue was examined by taking ten consecutive data sets, where a set consisted of a reference (short circuit) and a sample measurement, and comparing the reference and sample data. The mean and 30' standard deviation of P~bsfor the reference and sample sets were -9.8987 x 10-:t 3.273 X 10-3 and -5.87579 x 10-1 :t 2.30 x 10-3, which shows that sample insertion contributes negligibly to measurement error. The effect of the position of the center pin on the measurement was also examined. This was done by perfonning five measurements on a 19mm wide sample where the center pin was placed at different positions relative to the center of the sample for each measurement. Table III shows I  I  I  I  I  ",  I  I  I  I  I  I  I  1  I  I  I  I  I  I  I  I  I  I I  I  1  .  I  ,  I   I  1  1  ,  I  1  ,  1  I  I  1  .  ,  ,  ,  1  I , I  ,  I  ,  I  1  ,  ,  .  I  I  ,  ,  1  I  ,   I  1  I  ,  I  I  I  1   8ample I  I  I  I  .  I  .  I   1  I  ,  I  1  I  1  1  I  I  .  I  I  I  I ------ The \l.r are much greater than the variations in the extracted e r' To verify this, six additional samples were sheared from the same sheet from which S II was obtained and then the average extracted e'r from these six samples calculated. The average extracted e'r was 3.953 and had a 30 variation of 0.093. This 30 variation is about four times less than the uT (0.401) for SII.
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3.c. Measurement repeatability and reproducibility
The long-term (over a period of one year) reproducibility and short-term (within one hour) repeatability of measurements performed on four different samples, S I through S4, using sampler holder SH2 are presented. (Definitions of and conditions for repeatability and reproducibility of measurements can be found in Taylor and Kuyatt (1994) or references therein.) Each of the four samples has a different dielectric and physical dimensions and was prepared with a routing tool. Measurements using SH2 resulted in reduced measurement variation compared to measurements using SH I. The samples were placed in an airtight container with a desiccant after day 70. Measurement sets for S I through S4 were taken over a period exceeding 400 days. A measurement set for this work consisted of five pairs of acquired waveforms where each pair included a reference waveform and a sample waveform. For each waveform pair for a given sample, a relative dielectric constant value, e 'r,S,n,p(where S refers to the sample number; n to the measurement day, I :S n S N; and p to the waveform pair, I S P S 5) was obtained. Average values and standard deviations of the e ' r,S,n.p(e 'r.S,nand 0.012 0.023 0.005 specification ANSIIIPC-MF-150F:
the variation in conductor thickness is less than %5 percent for wrought copper foils and less than %10percent for electrodeposited copper foils, and the density of copper is 8.93 gr/cm3 %1 percent. Using the ANSIIIPC specification gives smaller uncertainties in tm than that obtainable from simple thickness measurements. However, the effect of copper roughness must still be considered (Paulter. 1996 (JS.n) were then calculated for each of the N measurement days for each sample to determine short-term measurement repeatability.
Then results of these measurements, the E 'r.S.nand (JS.n values, are shown in Figure 4 and Table IV . (The "Day" column labeled "An through "F" in Table IV represents the measurement days when SH3 was used: the data for days "A" through "P' were taken within 60 days of day 416.) Table V shows the mean values, E 'rS' and standard deviations, (Js' of the E 'rS.nvalues; and the mean values, Ilo.s' and standard deviations, (Jo.s' of the (JS.nvalues. The values shown in the two rightmost columns in Table V were obtained using SH3; this will be discussed later. The shortterm measurement repeatability (I (J) varies from about 0.3 percent to about 2.5 percent (see Table IV ). The larger deviations are usually caused by one spurious waveform, spurious meaning that the waveform values deviate a few percent relative to the average. Although spurious data may be recognized easily and rejected by an experienced user, this may not be true for a factory floor operator. Consequently, the spurious waveforms were used in computing the average values, E 'rS.n' and uncertainties, (JS.n' that are shown in Table V . The spurious waveforms are probably caused by sample insertion repeatability (Paulter, 1998) .
From Table IV and Figure 4 we can also see that measurement variation over the test period is low, especially for sample S3. Sample S2 may have exhibited the largest (Js because it was thin and would sway after being placed in the sample holder, which would affect the electrical location of the sample within the sample holder (Paulter, 1998) .
The Ilo,s and (Ja S are used as indicators of measurement repeatability: Ilo S indicates the average variability in measurement values and (Jo S indicates the scatter or variation in measurement repeatability. For example, if (Jo.s » Ilo,s (the scatter in measurement repeatability is greater than the average repeatability), then spurious waveforms probably existed and were used in the calculation of E 'r' Consequently, it may be possible to improve the measurement process by removing the cause of the spurious waveform. On the other hand, if (Jo.s «Ilo s, then measurement repeatability improvement is unlikely. However, for S 1 through S4, (Ja S ""Ilo s' which implies measurement improvement is possible (to be discussed shortly). The longterm reproducibility can be obtained from (Js in Table V: 0.1 per cent for S 1, 0.7 percent for S2, 0.2 percent for S3, and 0.1 percent for S4. The large (Js for S2 was probably caused by poor sample holder design, as will be discussed later. The (Js also provides an indication of drift in the measurement process, and the (Js values presented here indicate very low drift.
To reduce the scatter in the measurement repeatability, the sample holder SH3 was designed. The knife edge contacts of SH3 were expected to reduce possible contact repeatability problems at the base plate and sample. The rows labeled A through F in Table IV and the two rightmost  columns of Table V show the results of the six measurement sets taken with SH3 for S2 and S4. We can see from Table V that SH3 reduced the scatter in measurement repeatability significantly for S2 and S4 and reduced (Js of S2 to values similar to those for the other samples. However, the averag variation in the measurement, indicated by Ila.s' did not change when using SH3. Additional measurements indicated that Ila.s is limited by oscilloscope repeatability (Paulter, 1998) .
Conclusions
A TDR based measurement method has been described for determining the real part of the permittivity of the dielectrics of printed wiring board materials. The measurement system is inexpensive and easy to use. Sample prepa-' ration is easy and measurements are insensitive to the position of the sample within the sample holder. The longterm reproducibility and short-term repeatability of the measurement system are better than 0.5 percent. The measurement results are within 2 percent of those reported by frequency-domain methods using the poorest performing sample holder (SH 1) and within I percent for the best performing sample holder (SH3).
